Introduction {#jfb12870-sec-0001}
============

Vertebrates depend on dietary phosphorus (P) intake for proper mineralization of their calcium phosphate‐based skeleton (Penido & Alo, [2012](#jfb12870-bib-0043){ref-type="ref"}; Santos *et al.*, [2013](#jfb12870-bib-0050){ref-type="ref"}). Different from tetrapods, which also depend on dietary calcium intake, bony fishes can obtain calcium from the water *via* the gills. Only a minimal amount of phosphorus can be obtained through the gills and thus it remains a crucial component of the diet (Ketola, [1975](#jfb12870-bib-0033){ref-type="ref"}; [1998](#jfb12870-bib-0059){ref-type="ref"}, [1998](#jfb12870-bib-0060){ref-type="ref"}; [Sullivan *et al.*, 2007*a*](#jfb12870-bib-0054){ref-type="ref"}; Witten & Huysseune, [2009](#jfb12870-bib-0064){ref-type="ref"}). Accordingly, skeletal development in the fast‐growing Atlantic salmon *Salmo salar* L. 1758 under farming conditions requires sufficient dietary P supply (Baeverfjord *et al.*, [1998](#jfb12870-bib-0006){ref-type="ref"}; Sugiura *et al.*, [2004](#jfb12870-bib-0053){ref-type="ref"}; Fjelldal *et al.*, [2012](#jfb12870-bib-0023){ref-type="ref"}). The increased P demand of *S. salar* after smoltification is well documented (Albrektsen *et al.*, [2009](#jfb12870-bib-0001){ref-type="ref"}; Fjelldal *et al.*, [2009](#jfb12870-bib-0022){ref-type="ref"}), and several types of skeletal deformities, diagnosed on radiographs, have been related to dietary P deficiency: vertebral body compression, abnormal softness and structural distortion (Baeverfjord *et al.*, [1998](#jfb12870-bib-0006){ref-type="ref"}; [2007a](#jfb12870-bib-0054){ref-type="ref"}, [2007b](#jfb12870-bib-0055){ref-type="ref"}; Fjelldal *et al.*, [2009](#jfb12870-bib-0022){ref-type="ref"}). Deschamps *et al.* ([2014](#jfb12870-bib-0016){ref-type="ref"}) observed on X‐rays from P‐deficient rainbow trout *Oncorhynchus mykiss* (Walbaum 1792) decreased intervertebral spaces, homogenous compression of vertebral bodies, a combination of abnormalities, irregular compression and undersized vertebral bodies. Also, hyper radio‐dense vertebral bodies have been linked to mineral deficiency due to the development of ectopic cartilage in bone marrow spaces (Helland *et al.*, [2006](#jfb12870-bib-0029){ref-type="ref"}). Thus, radiographs of P‐deficient fishes show a wide array of vertebral column pathologies and there is no unified P‐deficiency pathology. The life stage in which the animal suffers insufficient P supply as well as the degree and period of P deficiency are likely to cause the different deformity phenotypes observed. Whether all of the aforementioned pathologies are primarily the results of P deficiency, if some are secondary phenomena or if some even relate to other factors is still a matter of discussion (Witten *et al.*, [2009](#jfb12870-bib-0067){ref-type="ref"}; Baeverfjord *et al.*, [2012](#jfb12870-bib-0007){ref-type="ref"}; Fjelldal *et al.*, [2012](#jfb12870-bib-0023){ref-type="ref"}). In a group of harvest size, *S. salar* in Norway, Fjelldal *et al.* ([2012](#jfb12870-bib-0023){ref-type="ref"}) diagnosed 70% of the fish as deformed based on radiographs, 26% as deformed based on palpation and 4% of the fish were actually downgraded at slaughter due to severe spinal deformities.

Four hundred and fifty million years ago, the availability of P could have been a limiting factor for the population size of early vertebrates, and it has been hypothesized that skeleton evolved as a phosphorus storage organ system (Tarlo, [1964](#jfb12870-bib-0056){ref-type="ref"}; Carroll, [1988](#jfb12870-bib-0011){ref-type="ref"}; Hall & Witten, [2007](#jfb12870-bib-0028){ref-type="ref"}). Today, phosphorus is also a limiting resource for agriculture and aquaculture. To protect marine fish stocks, fishmeal, a common source of P in fish feeds must be replaced. At the same time, there is a limited availability of inorganic P. In addition, P discharge from freshwater farms has raised environmental concerns (Le Luyer *et al.*, [2014](#jfb12870-bib-0036){ref-type="ref"}). Clearly, there is a need to increase the efficiency of phosphorus use in terrestrial and aquatic farming practices (Sugiura *et al.*, [2004](#jfb12870-bib-0053){ref-type="ref"}; Naylor *et al.*, [2009](#jfb12870-bib-0039){ref-type="ref"}; Cordell *et al.*, [2011](#jfb12870-bib-0012){ref-type="ref"}). The increased efficiency in P use must, of course, not come at the expense of animal health and welfare. Thus, there is a growing demand to increase the digestibility of P in fish diets ([Sullivan *et al.*, 2007*a*](#jfb12870-bib-0054){ref-type="ref"}) and to determine the quantity of dietary P content that is required for healthy growth and healthy skeletal development in farmed fishes (Åsgård & Shearer, [1997](#jfb12870-bib-0005){ref-type="ref"}; Roy *et al.*, [2002](#jfb12870-bib-0049){ref-type="ref"}; Deschamps *et al.*, [2014](#jfb12870-bib-0016){ref-type="ref"}). Greater knowledge of the mechanisms by which P deficiency causes skeletal malformations can contribute to improve the management of P resources in aquaculture.

It is here shown for the first time how a primary P deficiency affects the skeleton of *S. salar* at the cellular and at the micro‐anatomical level. It is also the first experiment that generated a homogenous primary P‐deficient skeletal phenotype in the absence of other pathologies. Bone growth and bone structures were not affected. The uncoupling of bone formation and bone mineralization has consequences for the interpretation of radiographs. Uncoupling of matrix formation and mineralization in scales offers the possibility for fast and minimal‐invasive future diagnosis of the animals\' skeletal P status by scale analysis. A better understanding of this primary P deficiency should help to understand which of the P deficiency‐related pathologies are primary, which are secondary and how primary and secondary pathologies develop.

Materials and methods {#jfb12870-sec-0002}
=====================

Feeding experiment {#jfb12870-sec-0003}
------------------

The experiment was performed at Lerang Research Station (Skretting ARC, Lerang, Forsand, Norway). *Salmo salar* post‐smolts, with a mean ± [s.d]{.smallcaps}. mass of 199 ± 1 g, were obtained as eggs from Erfjord Stamfisk (SalmoBreed strain) and hatched and reared in‐house. Fish were hatched in March 2012, transferred to seawater on 29 October 2012, and the trial started in January 2013. Prior to the experiment, fish were held in 1 m diameter tanks and fed a commercial standard diet, Skretting Spirit 75, pellet size 3 mm ([www.skretting.com](http://www.skretting.com)).

At the start of the experiment, 120 post‐smolt fish were anaesthetized with MS‐222 ([www.sigmaaldrich.com](http://www.sigmaaldrich.com)) and evenly distributed into four, 1 m diameter tanks supplied with a constant flow of clean seawater at 12° C and salinity of 33. Fish were fed to satiation twice a day, with waste feed collected, and feed intake was monitored throughout the experiment. For the duration of the experiment, the fish were kept in constant artificial light from fluorescent strip lighting above the experimental tanks. Duplicate tanks of fish were fed one of the two iso‐nitrogenous, iso‐calorific diets: a phosphorus‐sufficient diet (see Table [I](#jfb12870-tbl-0001){ref-type="table-wrap"}) formulated to have a total P content of 0·99% and a P‐deficient diet with a total P of 0·47. All diets were extruded *via* a Wenger twin screw extruder ([www.wenger.com](http://www.wenger.com)) at the Feed Trial Plant, Skretting ARC, Stavanger, Norway (Table [I](#jfb12870-tbl-0001){ref-type="table-wrap"}). After dietary conditioning for 10 weeks (Fjelldal *et al.*, [2012](#jfb12870-bib-0023){ref-type="ref"}), all the experimental animals were euthanized with an overdoses of MS‐222, weighed and fork length (*L* ~F~) recorded prior to being radiographed.

###### 

Composition of the phosphorus (P)‐sufficient and the P‐deficient diets for Salmo salar. Both diets were iso‐nitrogenous, iso‐lipidic and were formulated to have same digestible amino‐acid content, hence the use of crystalline amino acids. Ingredients were provided by Skretting Norway ([www.skretting.com](http://www.skretting.com)). Vitamin mix and mineral mix were provided by Trouw Nutrition International ([www.trouwnutrition.com](http://www.trouwnutrition.com)). Premixes formulated to meet all National Research Council (U.S.A.) ([2011](#jfb12870-bib-0041){ref-type="ref"}) nutritional requirements for salmonids excluding phosphorus (NRC, 2011)

  Ingredients (%)             P‐sufficient diet   P‐deficient diet
  -------------------------- ------------------- ------------------
  Wheat                             19·08              21·46
  Wheat gluten                      24·00              24·00
  Soya protein concentrate          20·00              20·00
  Fish meal                         10·00              10·00
  Fish oil                          22·40              22·33
  Vitamin mix                        0·11               0·11
  Mineral mix                        0·10               0·10
  Monoammonium phosphate             2·03               0·00
  Total phosphate (%)                0·99               0·47

Radiology {#jfb12870-sec-0004}
---------

All fish were radiographed using a Gierth XMF80 emitter ([www.gierth‐x‐ray.de](http://www.gierth-x-ray.de)) and AGFA Structurix D4DW film ([www.gemeasurement.com](http://www.gemeasurement.com)). No screen for intensifying the X‐ray beam was used. The settings of the X‐ray unit were 80 kV, 15 mA, 4 s exposure time at a distance of 80 cm between the X‐ray tube and the film. Radiographs were developed according to the protocol of the manufacturer at the Teknologisk Institutt, Stavanger, Norway ([www.ti‐norway.com](http://www.ti-norway.com)). For further analysis and measurements, radiographs were digitalized with a Heidelberg transparency scanner Linoscan‐1400 ([www.heidelberg.com](http://www.heidelberg.com)) at 1200 dpi.

Histology and mineral detection {#jfb12870-sec-0005}
-------------------------------

Ten fish per tank, chosen at random (20 per treatment) were filleted, and the whole spine, excluding the head, fixed in 10% neutral‐buffered formalin for subsequent histological analysis. Twenty individual scales from the left‐hand side of the fish were removed with forceps for histological staining and stored at −20° C.

Spine sections for histological analysis (vertebrae numbers 32--42) were fixed in 10% neutral‐buffered formalin immediately after X‐raying. Prior to decalcification, spines were rinsed in tap water for 24 h and decalcified for 72 h in a 10% EDTA solution buffered with 0·1 M Tris base at pH 7·0. After decalcification, samples were stepwise dehydrated and embedded in paraplast. Serial sections of 7 µm thickness were prepared in the sagittal plane of the vertebral column, starting at the lateral periphery of vertebral bodies and ending in the medio‐sagittal plane. Sections were stained with Masson\'s trichrome as basic analytical procedure and mounted with DPX ([www.sigmaaldrich.com](http://www.sigmaaldrich.com)), as described in detail by Witten & Hall ([2003](#jfb12870-bib-0063){ref-type="ref"}).

The bone minerals phosphorus and calcium on histological sections were detected with Von Kossa\'s protocol and Alizarin red staining on non‐decalcified paraffin and on non‐decalcified cryosections. For cryosectioning, vertebral bodies were rinsed in tap water for 24 h, washed in phosphate buffered saline (PBS), equilibrated in a 5% sucrose--PBS solution and embedded in 1·5% agar in 5% sucrose--PBS. The solidified tissue blocks were then transferred to 30% sucrose in PBS and left in the solution overnight (until equilibration). Cryosections of 12 µm were sectioned in the parasagittal plane and allowed to thaw on Superfrost Plus slides, coated with a 1 mg ml^−1^ poly‐L‐lysine hydrobromide solution, dried for 30 min at room temperature and stored dry at −20° C prior to staining for calcium and phosphorus. For staining minerals in paraffin sections, vertebrae were embedded and sectioned as described above, but not decalcified.

Phosphorus was visualized with the Von Kossa staining protocol according to Presnell & Schreibman ([1998](#jfb12870-bib-0047){ref-type="ref"}). In short, cryosections and dewaxed paraffin sections were rinsed in tap water and subsequently placed in a 1% silver nitrate solution under UV light for 45 min. The sections were then washed in distilled water and subsequently treated with 3% sodium thiosulphate for 5 min, rinsed in distilled water and then stained with van Gieson solution for 5 min. Bone calcium was visualized on cryosections and on dewaxed paraffin sections with a 0·5% Alizarin red‐S solution (pH 9). Staining lasted for 1 min followed by rinsing for another minute in demineralized water. No counter staining was applied. All Von Kossa and Alizarin red‐stained histological sections were mounted on slides with DPX. Scales were stained with the same 0·5% Alizarin red‐S solution for 15 min, rinsed in demineralized water and transferred into 100% glycerol *via* graded 1% KOH--glycerol solutions. Scales were mounted on slides using 100% glycerol. A Zeiss Axio Imager--Z compound microscope equipped with a Zeiss Axiocam ([www.zeiss.com](http://www.zeiss.com)) was used for the analysis of all histological preparations.

Measurements {#jfb12870-sec-0006}
------------

Measurements of the length (A) on Fig. [1](#jfb12870-fig-0001){ref-type="fig"}(e), the height (B) on Fig. [1](#jfb12870-fig-0001){ref-type="fig"}(e) of vertebral bodies (radiopaque area on X‐rays) and the width (C) on Fig. [1](#jfb12870-fig-0001){ref-type="fig"}(e) of the intervertebral space (radiotranslucent area on X‐rays) were taken from vertebral bodies 32--42 from 30 individuals from each experimental group. Measurements were taken from digitized radiographs using ImageJ software (<http://rsbweb.nih.gov/ij/download.html/>).

![X‐rays from Salmo salar individuals that received a (a) P‐sufficient diet with (b, c) higher magnifications of the central part of their spines. Vertebral bodies display a regular shape in all parts of the spine. Individuals that received P‐deficient diet (d) with (e, f) higher magnifications of the central part of their spines. All vertebral bodies are undersized and all intervertebral spaces are enlarged. No other deformities are visible. The animals shown in this figure are representative for their experimental groups. [(]{.smallcaps}e) Measurements presented on Fig. 3: A, vertebral body length; B, vertebral body height; C, width of the intervertebral space.](JFB-88-690-g001){#jfb12870-fig-0001}

Mineral analysis of bones and scales {#jfb12870-sec-0007}
------------------------------------

From 20 animals per tank (40 animals per treatment), the entire right‐hand side of the animal was descaled, and the scales were stored in plastic bags at −20° C for scale mineral content analysis. Three adjoining vertebrae (numbers 32--35) plus the opercula from both sides of the animal were also removed and frozen at −20° C for tissue mineral content quantification. All samples were analysed for dry matter, ash, calcium and phosphorus. For mineral analysis, the soft tissue was removed and the bones were cleaned with demineralized water. Subsequently, lipids were removed from the samples by rinsing twice in a mixture of acetone and methanol (1:1, v/v). The samples were then dried for 24 h at 105° C, ashed at 550° C for 18 h and digested according to the (U.S.A.) Association of Official Analytical Chemists method (AOAC, [1995](#jfb12870-bib-0002){ref-type="ref"}). The calcium and phosphorus content was determined colorimetrically (Taussky & Shorr, [1953](#jfb12870-bib-0057){ref-type="ref"}). The analysis was carried out at Masterlab Analytical Services, Nutreco, The Netherlands.

Statistical analysis {#jfb12870-sec-0008}
--------------------

Unless otherwise stated, all data are presented as mean ± [s.d]{.smallcaps}. All data were analysed using GraphPad Prism 5.0 for windows ([www.graphpad.com/scientific‐software/prism](http://www.graphpad.com/scientific-software/prism)) with percentage data arc‐sine transformed before subsequent analysis. The statistical tests used are indicated next to the relevant data table or figure legend.

Results {#jfb12870-sec-0009}
=======

Growth and feed intake {#jfb12870-sec-0010}
----------------------

After 10 weeks of dietary conditioning, mass in the P‐sufficient animals had increased from 199·0 to 684·9 ± 11·0 g, representing in excess of a tripling in body mass. The P‐deficient group had increased from 199·0 to 563·8 ± 10·0 g indicating that both diets were well received by the experimental animals. No significant differences were observed in the condition factor or feed conversion ratio of either experimental group (both *P* \> 0·05); however, the final body mass and specific growth rate (% body mass day^−1^) was reduced in the P‐deficient animals (*t*‐test, *P* \< 0·05) (Table [II](#jfb12870-tbl-0002){ref-type="table-wrap"}).

###### 

Growth data for Salmo salar and t‐test comparison for significant difference (P value) between diets

                                                Animals that received the P‐sufficient diet   Animals that received the P‐deficient diet   *P* value
  -------------------------------------------- --------------------------------------------- -------------------------------------------- -----------
  Initial body mass (g)                                         199·5 ± 0·8                                   198·5 ± 0·9                   \>0·05
  Final body mass (g)                                          684·9 ± 11·7                                  563·8 ± 10·0                   \<0·05
  Condition factor                                              1·39 ± 0·00                                   1·37 ± 0·01                   \>0·05
  Specific growth rate (% body mass day^−1^)                    1·23 ± 0·02                                   1·04 ± 0·02                   \<0·05
  Feed conversion ratio (dry matter)                            0·79 ± 0·00                                   0·80 ± 0·00                   \>0·05

Mineral analysis {#jfb12870-sec-0011}
----------------

Mineral analysis (Fig. [2](#jfb12870-fig-0002){ref-type="fig"}) showed a steep decrease of bone minerals in fish that received the P‐deficient diet. There was an equal reduction of calcium and phosphorus in all three analysed skeletal parts (opercula, scales and vertebrae) by *c*. 50%. A similar reduction in the total mineral (ash) contents was measured. There was no significant difference concerning the total calcium to phosphorus ratio between animals from the two experimental groups.

![Mean ± [s.d]{.smallcaps}. percentage dry mass (M ~D~) of measured (a, d, g) calcium, (b, e, h) phosphorus and (c, f, i) ash content in (a--c) opercula, (d--f) vertebrae and (g--i) scales from 40 Salmo salar individuals per experimental group. In all animals that receive a phosphorus (P)‐deficient diet (low P), values drop by c. 50% compared with animals that received a P‐sufficient diet (sufficient P). There was no significant change in the calcium to phosphorus ratio (Ca:P).](JFB-88-690-g002){#jfb12870-fig-0002}

Radiology {#jfb12870-sec-0012}
---------

On X‐rays, animals from both groups displayed a homogenous vertebral body phenotype. In the P‐sufficient group, vertebral bodies were regularly spaced and shaped \[Fig. [1](#jfb12870-fig-0001){ref-type="fig"}(a)--(c)\]. In the P‐deficient diet group, vertebral bodies of all animals were undersized according to the radiograph readings. The width of all intervertebral spaces was significantly enlarged \[Fig. [1](#jfb12870-fig-0001){ref-type="fig"}(d)--(f)\]. The phenotype corresponds to the type 10 malformation described by Witten *et al.* ([2009](#jfb12870-bib-0067){ref-type="ref"}). The type 10 phenotype was homogeneous in all parts of the spine from all animals assessed. There was no apparent occurrence of any other type of vertebra body malformations apart from a singular animal in each group that displayed compressed vertebral bodies in the caudal region of the spine. This incident is not discussed further. Measurements confirmed the visual observations of the vertebral bodies (Fig. [3](#jfb12870-fig-0003){ref-type="fig"}). The length and height of vertebral bodies in the P‐deficient group were significantly reduced compared with animals of the sufficient P group. In both groups, vertebral bodies maintained a square shape in the radiograph images giving no indication of the compression of vertebral bodies in the P‐deficient group. Measuring the length of 10 vertebral bodies and the width of 10 intervertebral spaces resulted in similar total length values (10 vertebral bodies + 10 intervertebral spaces) for animals in both groups (Fig. [3](#jfb12870-fig-0003){ref-type="fig"}).

![Size (mean ± [s.d]{.smallcaps}.) of Salmo salar vertebral bodies numbers 32--42 measured based on X‐rays. Measurements are taken from 30 individual fish per experimental group. The size of vertebral bodies from animals that received the phosphorus (P)‐deficient diet is significantly decreased. The shape of vertebra remains square with no compression. The last two columns represent the width of the intervertebral space added to the length of the vertebral bodies. ![](JFB-88-690-g007.jpg "image"), P‐deficient diet; ![](JFB-88-690-g008.jpg "image"), P‐sufficient diet.](JFB-88-690-g003){#jfb12870-fig-0003}

Histopathology and bone matrix mineralization {#jfb12870-sec-0013}
---------------------------------------------

The radiological diagnosis suggested that the size of vertebral bodies from fish in the P‐deficient group was reduced and that the width of intervertebral spaces was enlarged. This diagnosis was not confirmed by histological examinations. The apparent smaller size of vertebral bodies on X‐rays only related to the extent of radiopaque mineralized bone matrix but not to real size of the vertebral bodies. Histological sections revealed that vertebral bodies from fish of both groups had regular sized, well‐developed vertebral bodies and non‐enlarged intervertebral spaces. Subjectively, the amount and cross‐linkage of bone trabeculae were similar in animals from both groups \[Figs [4](#jfb12870-fig-0004){ref-type="fig"}(a), (b) and [5](#jfb12870-fig-0005){ref-type="fig"}(a)\]. Animals from the P‐deficient group showed a lack of bone minerals in large parts of the bone matrix. All peripheral parts of the bone matrix were without minerals, this includes the bone of neural arches \[Fig. [4](#jfb12870-fig-0004){ref-type="fig"}(d)\]. There was an abrupt cessation of matrix mineralization but the formation of bone matrix continued uninterrupted \[Fig. [5](#jfb12870-fig-0005){ref-type="fig"}(a)--(c)\]. A slight bend between the mineralized and the non‐mineralized part of the vertebral endplate in P‐deficient fish \[Fig. [4](#jfb12870-fig-0004){ref-type="fig"}(d)\] could indicate an upcoming vertebral body compression linked to either a decrease of the invertebrate space or a decrease of the distance between vertebral body centra (Witten *et al.*, [2005](#jfb12870-bib-0065){ref-type="ref"}). The measurements obtained from the X‐rays, however, show that this is not the case (Fig. [3](#jfb12870-fig-0003){ref-type="fig"}). This bend cannot therefore be interpreted as an embedding and sectioning artefact related to the processing of non‐demineralized tissues. Staining for phosphorus and calcium showed similar patterns \[Fig. [5](#jfb12870-fig-0005){ref-type="fig"}(a)\]. In animals from the P‐sufficient group, non‐mineralized bone only occurred as a narrow osteoid layer (bone prior to mineralization) on top of the regular mineralized bone \[Fig. [5](#jfb12870-fig-0005){ref-type="fig"}(d)\]. The lack of minerals in the bone of P‐deficient animals did not affect the morphology of the osteoblasts. Regular spindle‐shaped osteoblasts in bone growth zones were observed; a typical morphology for productive bone‐forming cells in *S. salar* (Witten & Hall, [2003](#jfb12870-bib-0063){ref-type="ref"}) \[Fig. [4](#jfb12870-fig-0004){ref-type="fig"}(e)\]. Resting, non‐productive, osteoblasts have a flattened shape (Franz‐Odendaal *et al.*, [2006](#jfb12870-bib-0025){ref-type="ref"}) and were not observed in the P‐deficient animals. Likewise, no increase in bone resorption was observed. Bone surfaces remained smooth and without Howship\'s lacunae \[Figs [4](#jfb12870-fig-0004){ref-type="fig"}(f) and [5](#jfb12870-fig-0005){ref-type="fig"}(b)\]. Animals from the P‐sufficient group showed the same phenotype, but the bone matrix was fully mineralized \[Figs [4](#jfb12870-fig-0004){ref-type="fig"}(c) and [5](#jfb12870-fig-0005){ref-type="fig"}(d)\]. Tissue in bone marrow spaces showed stages of the transition from connective tissue to adipose tissue \[Fig. [4](#jfb12870-fig-0004){ref-type="fig"}(f)\]. Again, no differences were observed between the P‐sufficient and the P‐deficient groups.

![Parasagittal sections of the vertebral column of Salmo salar. (a, c) Animals that received a phosphorus (P)‐sufficient diet. (b, d--f) Animals that received a P‐deficient diet. (a, b) Regular developed internal bone structures are present in animals from both experimental groups. ![](JFB-88-690-g009.jpg "image"), intervertebral space; white asterisks, internal vertebral bone spongiosa; white arrowheads, neural arches; ![](JFB-88-690-g010.jpg "image"), vertebral body endplates. Masons trichrome staining. (c, d) The relationship between bone structure and mineralization. ![](JFB-88-690-g011.jpg "image"), mineralized bone matrix; ![](JFB-88-690-g012.jpg "image"), non‐mineralized bone matrix (collagen). (c) All internal bone matrix structures (white asterisk) including the neural arches (white arrowheads) are complete mineralized (P‐sufficient diet). (d) Peripheral bone structures and the neural arches (white arrowhead) are present but non‐mineralized. (e) P‐deficient diet. Highly active osteoblasts (![](JFB-88-690-g013.jpg "image")) in the vertebral body growth zone of an animal that received a P‐deficient diet. white asterisk, non‐mineralized bone matrix; ![](JFB-88-690-g014.jpg "image"), regular Sharpey fibres; Masons trichrome staining. (f) Regular bone spongiosa and marrow spaces in animal that received a P‐deficient diet. Early bone marrow tissue is a mixture from connective tissue and adipose tissue (white asterisks); mature bone marrow spaces are filled with adipose tissue (![](JFB-88-690-g015.jpg "image")); note the active bone‐forming osteoblasts on the bone surface (white arrowhead); ![](JFB-88-690-g016.jpg "image"), Sharpey fibres; Masons trichrome staining.](JFB-88-690-g004){#jfb12870-fig-0004}

![Vertebral body endplate and bone spongiosa from Salmo salar that received a phosphorus (P)‐deficient diet stained for minerals with the von Kossa\'s protocol. (a) The central part of the vertebral body endplate (white arrowheads) and proximal trabeculae (![](JFB-88-690-g017.jpg "image")) are mineralized; peripheral bone matrix is completely void of minerals (![](JFB-88-690-g018.jpg "image")). Formation of non‐mineralized bone continues in the vertebral body growth zones (![](JFB-88-690-g019.jpg "image")), indicated by the presence of osteoblasts shown at higher magnification in Fig. 4(e). The insert shows the same distribution of minerals visualized with Alizarin red staining; mineralized bone matrix is red, non‐mineralized bone matrix remains unstained. ![](JFB-88-690-g020.jpg "image"), the location of the intervertebral space. (b) Higher magnification of non‐mineralized bone matrix (![](JFB-88-690-g021.jpg "image")); note that all bone surfaces are smooth and without any trace of bone resorption (![](JFB-88-690-g022.jpg "image")); mineralized bone matrix (white asterisk); bone marrow (![](JFB-88-690-g023.jpg "image")); von Kossa staining. (c, d) Comparison of the pattern of mineralization in P‐deficient and P‐sufficient fish at higher magnification. Like in the P‐deficient fish (c), the bone matrix of P‐sufficient fish (d) also has a non‐mineralized matrix component with a sharp border between the mineralized (white asterisk) and the non‐mineralized (![](JFB-88-690-g024.jpg "image")) bone matrix, albeit restricted to the osteoid seam (![](JFB-88-690-g025.jpg "image")).](JFB-88-690-g005){#jfb12870-fig-0005}

Scale mineralization {#jfb12870-sec-0014}
--------------------

The pattern of scale growth and scale mineralization resembled the pattern observed in vertebral bodies: scale growth continued in animals from the P‐deficient group but without mineralization in large parts of the newly formed scale matrix (Fig. [6](#jfb12870-fig-0006){ref-type="fig"}). No signs of increased scale resorption were observed as described by Shearer ([1992](#jfb12870-bib-0070){ref-type="ref"}). Scale phenotypes were homogenous in each of the two groups. Alizarin red staining displayed three zones of mineral content in scales from fish that received the P‐deficient diet: a modest red‐stained central zone (strongly mineralized) followed by a bright red‐stained zone (less mineralized) and broad zone of unstained (non‐mineralized) scale matrix \[Fig. [6](#jfb12870-fig-0006){ref-type="fig"}(d)\]. Strongly mineralized skeletal matrix stains less with Alizarin red compared less mineralized matrix (Vandervennet *et al.*, [2006](#jfb12870-bib-0058){ref-type="ref"}; De Clercq *et al.*, [2014](#jfb12870-bib-0015){ref-type="ref"}). Higher magnification shows the same pattern in regular, fully mineralized, scales from animals of the P‐sufficient group (modest red, bright red and unstained) albeit condensed at the edge of the scale \[Fig. [6](#jfb12870-fig-0006){ref-type="fig"}(b), insert\].

![Morphology of Salmo salar scales stained for mineralization with Alizarin red. (a, b) Scales from animals that received the phosphorus (P)‐sufficient diet show homogenous red staining. (c, d) Scales from animals that received the P‐deficient diet show homogenous red staining in the centre, followed by a zone of strong red staining indicating less mineralization and a peripheral zone of non‐mineralized matrix. Note the homogeneity of the mineral staining phenotype within both groups (a, c). Higher magnifications of the distal scale edges (b, d) show regular annuli formation also in the completely non‐mineralized part of scales (![](JFB-88-690-g026.jpg "image")) from fish that received the P‐deficient diet (d). The three zones of Alizarin red staining, fully mineralized (white asterisk), less mineralized (white arrowhead) and non‐mineralized (![](JFB-88-690-g027.jpg "image")) that are prominent in (d), are also present in fish that received the P‐sufficient diet but only visible at higher magnification, insert in (c).](JFB-88-690-g006){#jfb12870-fig-0006}

Discussion {#jfb12870-sec-0015}
==========

Beresford ([1981](#jfb12870-bib-0008){ref-type="ref"}) provides a translation of Kyle\'s ([1927](#jfb12870-bib-0034){ref-type="ref"}) view on fish bone: *To describe the nature of bone seems to be an easy exercise; nevertheless there is hardly any more difficult question in zoology. Textbooks usually begin the description of bone with an enumeration of the typical characteristics, the matrix with Sharpey\'s fibers and the inorganic matter, lacunae with osteoclasts, Haversian canals, etc. Then the exceptions are mentioned, whereupon one finds out that any of the components can be absent, until finally only the matrix remains, and that perhaps could be missing*. In this trial, the bone matrix did not disappear but a primary P‐deficient bone phenotype without minerals was generated. Other bone anomalies were not detected. By uncoupling bone matrix formation and mineralization, this phenotype provides new insights into the aetiology of dietary P deficiency‐related malformations and provides opportunities for further research. Obviously, in the timeframe of this 10 week experiment, low mineralization alone is not a primary cause for malformations. The bone structure of P‐deficient fish was normal despite the complete lack of mineralization in the new‐formed bone matrix. The question of whether the observed differences in vertebral bone tissues will lead to skeletal malformations over a longer period of P withdrawal, or if other factors are required to induce vertebral malformations, has not been addressed as part of this study. The findings of this experiment, however, can serve as a model for investigating these questions in a systematic manner.

True bone without minerals {#jfb12870-sec-0016}
--------------------------

It can be assumed that future challenge tests or the extension of the trial period beyond 10 weeks will reveal that regular mineralized bone has superior mechanical properties. Still, the lack of any detectable type of bone deformities in the P‐deficient group does not conform to the accepted model of low P‐causing deformities. Low mineralized fish bone has been tested for its mechanical properties, comparable with human osteoporotic bone with low bone mineral density (BMD) (Fjelldal *et al.*, [2004](#jfb12870-bib-0020){ref-type="ref"}; Shanthanagouda *et al.*, [2014](#jfb12870-bib-0051){ref-type="ref"}). Such bone could be prone to failure by fracture and, like in humans, it could be thought that vertebral body compression and fusion are a consequence of this (Sugiura *et al.* ([2004](#jfb12870-bib-0053){ref-type="ref"}). In *S. salar*, however, vertebral body fractures are rare. Typical pathologies, such as vertebral body compression and fusion, relate to alterations of tissue in the intervertebral space (Witten *et al.*, [2005](#jfb12870-bib-0065){ref-type="ref"}, [2006](#jfb12870-bib-0066){ref-type="ref"}, [2009](#jfb12870-bib-0067){ref-type="ref"}; Ytteborg *et al.*, [2010](#jfb12870-bib-0069){ref-type="ref"}). In human infants, low mineralized bone will bend but will not fracture. Likewise, the toughest known vertebrate bones, deer antlers, are characterized by their low mineral content (Currey, [1999](#jfb12870-bib-0013){ref-type="ref"}, [2003](#jfb12870-bib-0014){ref-type="ref"}). Bone is a composite material, made from a collagenous matrix and from minerals. The mechanical properties of the two components have been analysed separately. The collagenous matrix provides toughness (fracture resistant) and the minerals increase the bone\'s stiffness (bending resistant) (Viguet‐Carrin *et al.*, [2006](#jfb12870-bib-0061){ref-type="ref"}). The mineral phase alone is brittle and fractures easily. Bone strength largely depends on the non‐mineralized matrix, specifically on the orientation of collagen fibres that are arranged according to the direction of mechanical load. Consequently, collagenous bone matrix without minerals can be tougher than mineralized bone (Currey, [2003](#jfb12870-bib-0014){ref-type="ref"}; Viguet‐Carrin *et al.*, [2006](#jfb12870-bib-0061){ref-type="ref"}). The fact that this experiment generated non‐mineralized bone structures that are regularly spaced and shaped shows that they grow according to mechanical requirements. Formation of internal bone structures is not genetically determined (Witmer, [1995](#jfb12870-bib-0062){ref-type="ref"}); it follows biomechanical requirements (Burger *et al.*, [2003](#jfb12870-bib-0010){ref-type="ref"}; Bonucci, [2009](#jfb12870-bib-0009){ref-type="ref"}). The validity of this mechanism, known as Wolffs\' law (Wolff, [1892](#jfb12870-bib-0068){ref-type="ref"}), has been shown for several fish species (Huysseune *et al.*, [1994](#jfb12870-bib-0030){ref-type="ref"}; Fiaz *et al.*, [2012](#jfb12870-bib-0018){ref-type="ref"}, [2014](#jfb12870-bib-0019){ref-type="ref"}; Owen *et al.*, [2012](#jfb12870-bib-0042){ref-type="ref"}; Gunter & Meyer, [2014](#jfb12870-bib-0027){ref-type="ref"}). Obviously, under the given experimental conditions and without further challenges, such as grading, transport or vaccination, the mechanical stability of the non‐mineralized bone matrix in the P‐deficient fish was sufficient; however, these and other relevant factors can be investigated using the model described here.

A notochord‐based vertebral column {#jfb12870-sec-0017}
----------------------------------

Actinopterygians and tetrapods have mineralized, bony, vertebral bodies but the fossil record provides ample examples that the axial skeleton can function without mineralized vertebrae. The notochord has been the main axial skeletal support for vertebrates for over 400 million years. The vertebral column of sharks is cartilaginous and this cartilage may only mineralize later in life. Basal extant actinopterygians and sarcopterygians have an uninterrupted notochord as functional axial skeletal support and no mineralized vertebral bodies. Among these are large animals, such as sturgeons, coelacanths or lungfishes (Arratia *et al.*, [2001](#jfb12870-bib-0004){ref-type="ref"}). The function of the full‐sized notochord as part of the skeletal axis is preserved in *S. salar*, in every intervertebral space (Arratia & Schultze, [1992](#jfb12870-bib-0003){ref-type="ref"}; Nordvik *et al.*, [2005](#jfb12870-bib-0040){ref-type="ref"}). Consequently, several studies show that salmon spinal deformities relate to alterations in the intervertebral space and that a healthy notochord is critically important for maintaining a healthy *S. salar* spine (Witten *et al.*, [2005](#jfb12870-bib-0065){ref-type="ref"}, [2006](#jfb12870-bib-0066){ref-type="ref"}; Ytteborg *et al.*, [2010](#jfb12870-bib-0069){ref-type="ref"}). The same is even true for the vestige notochord in adult humans (Risbud & Shapiro, [2011](#jfb12870-bib-0048){ref-type="ref"}). The size and structure of the notochord located in the intervertebral spaces correspond in animals from both experimental groups. The presence of an unchanged, healthy, notochord in the fish from the P‐deficient group can be a part of the explanation why these animals do not show signs of spinal deformities.

Validation of radiological observations {#jfb12870-sec-0018}
---------------------------------------

Radiographs are used to diagnose low mineralized spines in *S. salar* (Poirier Stewart *et al.*, [2014](#jfb12870-bib-0046){ref-type="ref"}). In the literature, low mineralized vertebral bodies are described as undersized and intervertebral spaces as being enlarged. Based on X‐rays, Witten *et al.* ([2009](#jfb12870-bib-0067){ref-type="ref"}) show three types of malformations with undersized vertebral bodies and enlarged intervertebral space. The study also shows several types of malformations with a variable size of the intervertebral space. The notion of undersized vertebral bodies and enlarged intervertebral spaces does not apply to animals from this experiment. This raises the question if all vertebral bodies that have been described as undersized based on X‐rays are in fact too small. They could be of normal size with non‐mineralized peripheral matrix. Whole mount‐stained vertebral bodies shown by Helland *et al.* ([2006](#jfb12870-bib-0029){ref-type="ref"}) suggest that such phenotype was generated in the frame of a dietary P‐deficiency experiment. For the compressed vertebral bodies, Fjelldal *et al.* ([2007](#jfb12870-bib-0021){ref-type="ref"}) described, based on high quality radiographs, the presence of low mineralized vertebral body bone matrix in radiotranslucent areas. Radiographs taken in the context of production monitoring can, for obvious reasons, not be of the same resolution as X‐rays for research purposes (Witten *et al.*, [2009](#jfb12870-bib-0067){ref-type="ref"}). The distinction between bone growth retardation (small vertebra bodies) and insufficient mineralization is, however, important because these are different pathologies with differing aetiologies.

Mineral deficiency without scale or bone resorption {#jfb12870-sec-0019}
---------------------------------------------------

In this study, a specific staining for osteoclast detection, such as tartrate‐resistant acid phosphatase (TRAP) staining was not used, but several studies show that *S. salar* osteoclasts are typical multinucleated giant cells that create Howship\'s lacunae. Activated, multinucleated *S. salar* osteoclasts have been found to be even larger than human osteoclasts (Kacem *et al.*, [1998](#jfb12870-bib-0032){ref-type="ref"}; Witten & Hall, [2003](#jfb12870-bib-0063){ref-type="ref"}; Domon *et al.*, [2004](#jfb12870-bib-0017){ref-type="ref"}). An increase of osteoclastic resorption would thus have been observed with standard histology. These observations match data presented by Fjelldal *et al.* ([2013](#jfb12870-bib-0024){ref-type="ref"}) who analysed changes of alkaline phosphatase (ALP) and TRAP plasma values as indirect evidence for bone formation and resorption, respectively. Fish that received a low P diet had decreased levels of plasma TRAP activity, suggesting that these animals did not increase bone resorption. Given the sudden stop of bone matrix mineralization, it is remarkable that the induced P deficiency neither triggered bone nor scale resorption. Scale resorption could have been expected in view of studies that show that mineral deficiency primarily triggers scale resorption (Persson *et al.*, [1999](#jfb12870-bib-0045){ref-type="ref"}; Metz *et al.*, [2014](#jfb12870-bib-0038){ref-type="ref"}). Wild *S. salar* resorb scales in both sexes during the upstream spawning run (Jones, [1959](#jfb12870-bib-0031){ref-type="ref"}; Shearer, [1992](#jfb12870-bib-0070){ref-type="ref"}). The lack of resorption observed here and by Fjelldal *et al.* ([2013](#jfb12870-bib-0024){ref-type="ref"}) warrants a discussion about the assumption that *S. salar* exposed to low dietary P supply must mobilize skeletal phosphates as an attempt to maintain normal physiological functions ([1998](#jfb12870-bib-0059){ref-type="ref"}, [1998](#jfb12870-bib-0060){ref-type="ref"}; Witten & Huysseune, [2009](#jfb12870-bib-0064){ref-type="ref"}). For fish in this experiment, it was apparently sufficient to use the low amount of available P from the diet for soft tissue processes by stopping the mineralization of new skeletal matrices. Albrektsen *et al.* ([2009](#jfb12870-bib-0001){ref-type="ref"}) pointed out that vertebrae ash and P content are sensitive indicators for P utilization in terrestrial vertebrates and also highly useful to determine the dietary P requirement of fishes. It is shown here, based on chemical and morphological analysis, that scales are also good indicators for determining the animals\' mineral status. The morphological findings are also in agreement with the results of the biochemical studies on scales reported by Skonberg *et al.* ([1997](#jfb12870-bib-0052){ref-type="ref"}). The authors conclude that scales were most responsive to dietary phosphorus concentrations, both in magnitude and speed of response. The data from this study are in agreement with this conclusion and provide an insight into how these changes have occurred. The histological examinations indicate that the cause of the low skeletal mineral content was not because minerals have been mobilized from the skeleton, but because large parts of the bone and scale matrix remained non‐mineralized.

A sudden stop of mineralization but growth continues {#jfb12870-sec-0020}
----------------------------------------------------

From 1977 onwards, *S. salar* skeletal mineralization was shown to depend on dietary phosphorus intake (Lall & Bishop, [1977](#jfb12870-bib-0035){ref-type="ref"}; [1998](#jfb12870-bib-0059){ref-type="ref"}, [1998](#jfb12870-bib-0060){ref-type="ref"}). In contrast, *S. salar* and other teleosts can obtain calcium from the food or from the water. Highly efficient ion pumps located in the gill epithelium ensure sufficient calcium uptake even in calcium‐poor fresh waters (Guerreiro *et al.*, [2002](#jfb12870-bib-0026){ref-type="ref"}; Perry *et al.*, [2003](#jfb12870-bib-0044){ref-type="ref"}). The present observed abrupt stop of bone mineralization shows how much *S. salar* depends on dietary phosphorus intake for mineralization of the skeleton. Wild *S. salar* encounters long periods of repeated P deficiency as a part of its regular life cycle. Dietary P being the animals\' principal P resource, the starvation periods prior to and after spawning are considered as periods of P deficiency (Witten & Hall, [2003](#jfb12870-bib-0063){ref-type="ref"}; Witten & Huysseune, [2009](#jfb12870-bib-0064){ref-type="ref"}). Different from the well‐fed fish of this experiment, starving *S. salar* in nature stop somatic growth. Interestingly, mineralization and somatic growth must not be linked, as shown on the example of starvation‐related stop of tooth formation in wild *S. salar*. Teeth that remain attached to the jaws continue to mineralize during the starvation period (Witten *et al.*, [2005](#jfb12870-bib-0065){ref-type="ref"}). In this study, the uncoupling of somatic growth and mineralization is also encountered, but the other way round: growth continues but mineralization stops. The continuation of growth and bone formation under conditions of P deficiency is remarkable given that phosphorus is also required for growth (Sugiura *et al.*, [2004](#jfb12870-bib-0053){ref-type="ref"}). For humans, the effect of P deficiency on growth is not well established, other than for growth retardation related to genetic disorders such as X‐linked hypophosphaetemia (Santos *et al.*, [2013](#jfb12870-bib-0050){ref-type="ref"}). In this study and others, P‐deficient fishes showed a growth reduction (Ketola, [1975](#jfb12870-bib-0033){ref-type="ref"}; Albrektsen *et al.*, [2009](#jfb12870-bib-0001){ref-type="ref"}). No growth reduction was observed in several experiments that tested the effect of P‐deficient diets on farmed *S. salar* (Åsgård & Shearer, [1997](#jfb12870-bib-0005){ref-type="ref"}; [1998](#jfb12870-bib-0059){ref-type="ref"}, [1998](#jfb12870-bib-0060){ref-type="ref"}; Helland *et al.*, [2006](#jfb12870-bib-0029){ref-type="ref"}; Fjelldal *et al.*, [2009](#jfb12870-bib-0022){ref-type="ref"}, [2012](#jfb12870-bib-0023){ref-type="ref"}) and Nile tilapia *Oreochromis niloticus* (L. 1758) (Lu *et al.*, [2013](#jfb12870-bib-0037){ref-type="ref"}). Experimental feeding periods of these trials were 14, 63, 119, 77 and 150 days, respectively. From the perspective of this study, it can be speculated that in the aforementioned experiments there was sufficient P for soft tissue metabolism and growth and that the formation of bone matrix continued accordingly.
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